Genes encoding a novel group of homeodomain transcription factors, ONECUT class homeodomain proteins, have previously been isolated from vertebrate and insect. Among them, vertebrate HNF-6 is expressed in hepatocytes and the central nervous system during embryogenesis. Although the functions of HNF-6 in hepatocytes have been well studied, the functions of HNF-6 in the central nervous system remain unknown. In this study, we isolated HrHNF-6, which encodes a new ONECUT class homeodomain protein, from an ascidian, Halocynthia roretzi. HrHNF-6 mRNA was expressed exclusively in neural cells, just posterior to the expression of Hroth during embryogenesis. One of the functions of HrHNF-6 in neural cells is the activation of the expression of HrTBB2, the ascidian b-tubulin gene. Another is the restriction of the expression of HrPax-258 (which is expressed in the neural tube), suggesting that HrHNF-6 functions in the speci®cation of the neural tube. These results indicate that HrHNF-6 functions in the differentiation and regional speci®cation of neural cells during ascidian embryogenesis. q
Introduction
The dorsal hollow neural tube is a common characteristic of the Chordata, and must have been acquired in the most ancestral organisms of the phylum. Among Chordata, ascidians belong to the subphylum Urochordata, and are considered one of the most basal chordates. Ascidian larvae have a simpler neural tube than vertebrates. Their neural tube consists of only a few hundred cells (Nicol and Meinertzhagen, 1991) . Despite its simplicity, the neural tube of the ascidian is formed through a similar series of developmental events to that of vertebrates (Satoh, 1978) . Because of this, the ascidian neural tube is recognized as a model of vertebrate neural tube construction. The ascidian neural tube is speci®ed through the anterior and the posterior (A±P) axis during embryogenesis. Recent ®ndings have shown that several transcription factors, such as HrHox-1, Hrlim, Hroth, HrPax-258 and HrPax-37, are expressed in speci®c areas of the neural tube (HrHox-1: Katsuyama et al., 1995; Hrlim: Wada et al., 1995; HrPax-258: Wada et al., 1998; HrPax-37: Wada et al., 1996a; Hroth: Wada et al., 1996b) . These transcription factors would play roles in the speci®-cation of the neural tube that results in the formation of characteristic structures like the sensory vesicle, visceral ganglion and spinal cord. An insight into how such genes are expressed in these areas would provide information on the construction of the neural tube. We searched for new transcription factors which are expressed and function in that developmental event, paying particular attention to onecut genes. Onecut genes were ®rst reported as a group of genes which encode a novel type of homeodomain transcription factor, ONECUT class homeodomain proteins (Lemaigre et al., 1996; Rausa et al., 1997; Jacquemin et al., 1999) . This type of protein contains one cut repeat, and a homeodomain which has very peculiar features in the amino acid sequence; residue 48, which is part of the hydrophobic core, is not tryptophan as in other homeodomains, but phenylalanine, and residue 50, which is located in the DNA recognition helix and is a key determinant of sequence-speci®c DNA binding, is methionine (Lannoy et al., 1998) . Onecut genes include mammal HNF-6 (Lemaigre et al., 1996; Rausa et al., 1997) , human OC-2 (Jacquemin et al., 1999) and Drosophila D-onecut (Nguyen et al., 2000) . Mouse HNF-6, one of the hepatocyte nuclear factors, was ®rst discovered as a transcriptional activator of another hepatocyte nuclear factor gene HNF-3b in hepatocytes (Samadani and Costa, 1996) . In early embryogenesis, HNF-6 is expressed in the liver diverticulum at E9.5 (Rausa et al., 1997; Landry et al., 1997) . Moreover, HNF-6 is expressed in many parts of the central nervous system (CNS), including the ventral half of the rhombencephalon, the whole mantle layer of mesencephalon, the telencephalon and the diencephalon (Rausa et al., 1997; Landry et al., 1997) . Human OC-2 is also expressed in the brain in addition to the testis, liver urinary bladder and skin (Jacquemin et al., 1999) . In contrast to HNF-6 and OC-2, the product of Drosophila D-onecut is expressed exclusively in most neuronal tissues, and also binds to the enhancer region of rhodopsin genes (Nguyen et al., 2000) . Although the functions of vertebrate onecut genes in the nervous system remain unclear, experiments on Drosophila imply that vertebrate onecut genes also play important roles in the formation of vertebrate neural tube. And the same may be true of the ascidian homologs.
In this study, we isolated a new onecut gene, HrHNF-6, from the ascidian, Halocynthia roretzi. HrHNF-6 was expressed exclusively in neural cells during embryogenesis. HrHNF-6 has two functions in neural cells. It is involved in their differentiation, through the activation of HrTBB2, the ascidian b-tubulin gene. And it participates in the regional speci®cation of the neural tube, through the negative regulation of the transcription of HrPax-258.
Results

Isolation and characterization of the ascidian ONECUT class gene
To isolate ascidian HNF-6 homologs, two degenerate oligonucleotide primers that correspond to the homeodomain were designed. Using these primers, polymerase chain reaction (PCR) fragments from the Halocynthia roretzi early tailbud cDNA library were obtained. One PCR fragment had sequence similarity to the homeobox. Using this fragment as a probe, we screened an early tailbud-cDNA library to obtain a corresponding full-length cDNA clone. This cDNA consisted of 3584 nucleotides and contained a single open reading frame encoding a polypeptide of 705 amino acids. The protein contained a single cut repeat and a homeodomain (Fig. 1A) . Residue 48 of this homeodomain was phenylalanine and residue 50 was methionine (Fig. 1B) , neither of which are used in any homeodomains other than the ONECUT class homeodomain (Lannoy et al., 1998) . These features led us to the conclusion that this cDNA encodes an ONECUT class homeodomain protein, which we named HrHNF-6. Northern blot analysis indicated that the transcripts of this gene were about 3.5 kb long, showing that the cDNA clone covers nearly the entire length of the transcripts (Fig. 3A) .
Genomic Southern blot analysis using the sequence around the homeodomain of this gene as a probe under high-stringency conditions detected a single band in the restriction enzyme-treated genome ( Fig. 2A) , revealing that this gene exists as a single copy per haploid. However, when Southern blot analysis was performed under low-stringency conditions using the same probe, extra bands were detected in the EcoRI, HindIII and PstI lanes, as shown in Fig. 2B . There is no recognition site for these three restriction enzymes in the DNA sequence used as a probe, so the extra bands may re¯ect the existence of another gene which contains a homeobox similar to that of HrHNF-6.
Temporal and spatial expression of HrHNF-6 during embryogenesis
Northern blot analysis of HrHNF-6 during embryogenesis revealed that the transcripts ®rst appeared around the neurula stage (Fig. 3A) . The amount of mRNA was increased at the tailbud stage. A strong signal was still observed at the swimming larval stage.
To gain information about the temporal and spatial expression pattern of HrHNF-6, whole-mount in situ hybridization was carried out. The results were consistent with those of Northern blot analysis. Signals for maternal transcripts were undetectable in embryos at the early cleavage stages and during gastrulation (data not shown). The ®rst detectable expression was at the neural plate stage (Fig. 4A) , in one bilateral pair of cells in the neural plate near the blastopore. At the neurula stage, signals were detected over a broad area in the anterior half of the neural plate which corresponds to the sensory vesicle (Fig. 4B) , a bilateral pair of cells in the middle of the neural plate which may correspond to the visceral ganglion (Fig. 4B, m) , and a bilateral pair of cells near the posterior end of the neural plate (Fig. 4B, p) . Of these three areas, the middle of the neural plate had the strongest expression, and the posterior end the weakest. As neurulation proceeded and embryos reached the initial tailbud stage, two more pairs of cells in the posterior region expressed the mRNA (Fig. 4C) . At this stage, the expression appeared weaker anterior to posterior. In the tailbud embryo, the sensory vesicle, the visceral ganglion, a pair of cells which appears to be the spinal cord, and two pairs of ectodermal cells in the tail, that might differentiate into peripheral neurons (see Section 3), showed signals ( Fig. 4D,E ). There is a possibility that the third group of HrHNF-6-positive cells is not cells of the spinal cord but cells of the visceral ganglion. Expression in the sensory vesicle is very characteristic; strong signals were seen in two pairs of cells located in the dorsal region, and weaker signals were detected in the whole ventral half. The signals of the sensory vesicle and visceral ganglion were stronger than those of the tail neural tube. As tail elongation proceeded, signals in the tail ectodermal cells weakened, whereas signals in the sensory vesicle and visceral ganglion remained strong (Fig. 4F ). In the sensory vesicle, expression in the ventral half became stronger than that in the dorsal region. The swimming larva showed signals exclusively in the wall of the sensory vesicle (Fig. 4G) . Wada et al. (1998) compared the expression of several transcription factors in the ascidian neural tube in the tailbud embryo. The factors were expressed in restricted popula- tions of cells, suggesting a role in specifying or regionalizing neural cells. To identify the cells expressing HrHNF-6, the expression of HrHNF-6 was compared with that of other neurally expressed transcription factors, using double-staining in situ hybridization of tailbud embryos.
HrPax-37, the ascidian homolog of Pax-3 and Pax-7, is expressed in three populations of cells in the neural tube at the tailbud stage (Wada et al., 1996a) . Among them, the anterior and posterior populations of cells also expressed HrHNF-6 (Fig. 5A) , while the other cell populations located between them were only stained with HrPax-37 probes. The remaining HrHNF-6-positive cells did not express HrPax-37.
HrPax-258, the ascidian homolog of Pax-2, Pax-5 and Pax-8, is expressed in two bilateral pairs of cells of the neural tube at the tailbud stage (Wada et al., 1998) . Double-staining in situ hybridization indicated that the cells which expressed HrPax-258 were located just next to one of the populations of cells which expressed HrHNF-6 (Fig. 5B) .
Hroth, the ascidian homolog of vertebrate Otx (Wada et al., 1996b) , is expressed in the sensory vesicle and anterior trunk epidermis at the tailbud stage. HrHNF-6 was also expressed in the sensory vesicle ( Fig. 4D,E) . However, double staining indicated that the expression of the two genes did not overlap basically in the sensory vesicle; most of the HrHNF-6-expressing cells of the sensory vesicle were located ventrally, while Hroth-expressing cells were more dorsally located (Fig. 5C ). The exception is the two pairs of dorsally-located and HrHNF-6-positive cells. The cells also expressed Hroth. The anterior trunk epidermis expressed only Hroth. In conclusion, the expression of HrHNF-6 partially overlapped those of HrPax-37 and Hroth, with some HrHNF-6-expressing cells located next to HrPax-258-or Hroth-expressing cells.
Throughout embryogenesis, no expression in cells of endodermal lineage was detected. However, when mRNAs were isolated from individually dissected organs of adult Halocynthia Northern blot analysis revealed some expression of HrHNF-6 in two endodermal organs, namely the endostyle and pyloric gland (Fig. 3B ).
HrHNF-6 regulates the expression of a neural marker gene
The broad expression of HrHNF-6 in neural cells raises the possibility that HrHNF-6 has a general function in these cells. To elucidate the function of HrHNF-6, we ®rst carried out the overexpression of HrHNF-6 mRNA, and checked the effect by examining the expression of HrTBB2, a neural marker gene.
In vitro-transcribed HrHNF-6 or lacZ mRNA was injected into fertilized eggs of H. roretzi. The amount of mRNA injected was about 4 pg for HrHNF-6 and about 10 pg for lacZ. Embryos were ®xed at the neurula stage, then HrTBB2 expression was detected by whole-mount in situ hybridization. HrTBB2 was expressed in the neural plate and presumptive papilla cells in lacZ mRNA-injected embryos at the neurula stage (Fig. 6A ). This expression pattern was exactly the same as that reported previously (Miya and Satoh, 1997) . In HrHNF-6 mRNA-injected embryos, HrTBB2 was ectopically expressed in most lineages of cells, including notochord, mesenchyme, epidermis and endoderm in addition to the neural plate and presumptive papilla cells (Fig. 6B,C) . HrTBB2 expression in the neural plate also appeared stronger than that of control embryos. To clarify whether the differentiation of tissues are affected by overexpression of HrHNF-6, we examined the expression of some marker genes. In situ hybridization revealed that a notochord marker HrBra expressed normally in HrHNF-6-injected embryos (data not shown). Histochemical staining showed that a muscle marker acetylcholinesterase and an endoderm marker alkaline phosphatase had normal activity in HrHNF-6-injected embryos (data not shown).
To test whether HrHNF-6 is necessary for the expression of HrTBB2, we generated HrHNF-6-Engrailed repressor fusion constructs (HrHNF-6-EnR) (Badiani et al., 1994) , and injected the mRNA into fertilized eggs. When about 2 pg of the mRNA was injected, HrTBB2 expression in the neural plate and presumptive papilla cells was markedly decreased (Fig. 7A,B) .
The above two results suggest that one of the functions of HrHNF-6 is to activate the transcription of HrTBB2 in neural cells. If so, these two genes may be expressed in the same cells. To con®rm this possibility, we compared the expression of HrHNF-6 and HrTBB2 by double-staining in situ hybridization. As shown in Fig. 5D , all of the populations of cells which were stained with HrHNF-6 probes were also stained with HrTBB2. In contrast, presumptive papilla cells and most of the dorsal half of the brain vesicle, both of which express HrTBB2, did not express HrHNF-6. These three results indicate that HrTBB2 is one of the putative target genes of HrHNF-6. As discussed below, HrHNF-6 is not the only gene which activates HrTBB2 expression.
HrHNF-6 negatively regulates the expression of HrPax-258
The double-staining in situ hybridization mentioned above revealed that the expression of HrHNF-6 partially overlapped that of HrPax-37, with some HrHNF-6-expressing cells located next to HrPax-258-or Hroth-expressing cells. Such a pattern of expression would be generated if HrHNF-6 regulates the expression of HrPax-37 positively, and HrPax-258 and Hroth negatively. To elucidate whether HrHNF-6 is involved in the regional speci®cation of the neural tube, the expression of HrPax-258, HrPax-37 and Hroth in embryos in which HrHNF-6 mRNA was ectopically expressed was investigated.
HrPax-258 was expressed in epidermal cells and a pair of cells in the neural plate in lacZ mRNA-injected neurulastage embryos (Fig. 6D) . In HrHNF-6-injected embryos (4 pg/embryo), which appeared almost normal, expression of HrPax-258 in the neural plate disappeared (Fig. 6E) , while expression in the epidermis was only weakly affected. When the amount of mRNA injected was increased to about 10 pg/ embryo, the expression of HrPax-258 in epidermal cells became weaker (data not shown), but signals were still observed. In contrast to HrPax-258, HrPax-37 and Hroth did not differ in their expression between lacZ mRNAinjected embryos and HrHNF-6 mRNA-injected embryos (Fig. 6F±I) . As for HrPax-37, expression in the neural tube appeared abnormal. This is because the structure of the neural tube in HrHNF-6-injected embryos was distorted. These results suggest that HrHNF-6 determines the pattern of the expression of HrPax-258 through negative regulation. The expression of HrPax-37 and Hroth may be decided independent of the expression of HrHNF-6.
HNF-6 is reported as a transcriptional activator (Lemaigre et al., 1996; Samadani and Costa, 1996; Landry et al., 1997; Rausa et al., 1997) . There are two explanations for the repression of HrPax-258 transcription by HrHNF-6: (1) HrHNF-6 activates the transcription of an unknown transcriptional repressor, which downregulates the transcription of HrPax-258; (2) HrHNF-6 itself, or complexed with some other factor(s), acts as a transcriptional repressor. To ascertain which is true, we tested the effect of HrHNF-6-EnR on the expression of HrPax-258.
When about 2 pg of HrHNF-6-EnR mRNA was injected, the expression of HrPax-258 both in the neural plate and in the epidermis was severely reduced (Fig. 7C,D) . The repression by HrHNF-6-EnR is much stronger than that of HrHNF-6, because 4 pg of HrHNF-6 mRNA could not repress the expression by HrPax-258 at the epidermis. This result suggests that HrHNF-6 acts as a transcriptional repressor.
Discussion
HrHNF-6 encodes one of the ONECUT class homeodomain proteins
The amino acid sequence of the protein encoded by HrHNF-6 has features of the ONECUT class homeodomain proteins. HrHNF-6 was the only onecut gene we obtained from ascidian. In mammal, two onecut genes (HNF-6 and OC-2) were reported (Lemaigre et al., 1996; Jacquemin et al., 1999) . A comparison of the homeodomain of HNF-6 or OC-2 with that of HrHNF-6 did not show which is more similar to HrHNF-6; some of the residues are identical to those of HNF-6, others to those of OC-2 (see Fig. 1B ). Therefore, it is possible that HrHNF-6 diverged before the duplication of HNF-6 and OC-2. However, the result of Southern blot analysis under low-stringency conditions raised the possibility that there is another gene which has a homeobox similar to that of HrHNF-6. Thus the question of whether or not this is another ascidian onecut gene remains open. The ascidian genome project should clarify this.
HrHNF-6 was expressed exclusively in neural tissues during ascidian embryogenesis
Whole-mount in situ hybridization revealed that HrHNF-6 was expressed in neural cell lineage from the neural plate stage. At the tailbud stage, HrHNF-6 was expressed in the sensory vesicle, the visceral ganglion, some cells which may be in the spinal cord and two pairs of tail ectodermal cells. Considering the expression of HrTBB2 and HrETR-1 (Yagi and Makabe, 2001 ), the two pairs of cells in the tail ectoderm may differentiate into the epidermal neurons. The neural cell-restricted expression suggests that HrHNF-6 functions in the differentiation and/or speci®cation of neural cells. The Drosophila onecut gene is also expressed exclusively in neuronal tissues (Nguyen et al., 2000) . In contrast, mouse HNF-6 was expressed in liver diverticulum and liver primordium in addition to the CNS (Landry et al., 1997; Rausa et al., 1997) . Our study has revealed that the ascidian onecut gene is expressed in neural cell lineage. The common expression of onecut genes in neural tissues during embryogenesis suggests that they are involved in the formation of neural cells. All three onecut genes are expressed in broad areas of the neural tissue. This expression pattern suggest that onecut genes have general functions in neural cells. Our study showed that HrHNF-6 regulates the expression of b-tubulin in neural cells. Such a function may be common to onecut genes.
HrHNF-6 was expressed in the endostyle and the pyloric gland in adults. The endostyle is homologous to the thyroid gland of vertebrates (Ogasawara et al., 1999a,b) . Therefore, the expression of HrHNF-6 in the endostyle does not correspond to the expression of HNF-6 in hepatocytes. In contrast, the pyloric gland may be a homolog of the vertebrate liver (Ermak, 1977) , and this endodermal expression of the ascidian gene may correspond to expression of HNF-6 in hepatocytes.
The expression of the HNF-3b homolog of H. roretzi, HrHNF3-1, precedes that of HrHNF-6. For example, HrHNF3-1 was expressed as early as the 32-cell stage (Shimauchi et al., 1997) , suggesting that HrHNF-6 is not needed for the transcription of HrHNF3-1 in early embryogenesis. HrHNF3-1 is also expressed in the endostyle in adults (Shimauchi et al., 1997) . The relation between HrHNF-6 and HrHNF3-1 in the endostyle remains to be studied. However, the investigation of such a relation is dif®cult, partly because of the metamorphosis during the endostyle formation.
HrHNF-6 regulates the expression pattern of a neural marker gene
Ectopic expression of HrHNF-6 caused the expression of HrTBB2, while HrHNF-6-EnR suppressed the expression of HrTBB2. All of the HrHNF-6-positive cells also expressed HrTBB2. These results strongly suggest that HrTBB2 is one of the direct or indirect target genes of HrHNF-6, which was expressed in broad areas of the neural tissue. This expression pattern suggests that HrHNF-6 is generally required in (the posterior) neural cells. Consistent with this, the downregulation of HrHNF-6 by HrHNF-6-EnR repressed the expression of HrTBB2, a gene required in neural cells. Not all HrTBB2-positive cells express HrHNF-6. Presumptive papilla cells and most dorsal brain vesicle cells expressed HrTBB2, but not HrHNF-6. This suggests that another transcription factor activates the expression of HrTBB2 in those cells. One candidate is Hroth, because (1) Hroth is expressed in the dorsal brain vesicle cells which do not express HrHNF-6 (Wada et al., 1996b) , and (2) overexpression of Hroth causes the misexpression of HrTBB2 (Wada and Saiga, 1999) . The expression of HrTBB2 in the presumptive papilla cells is regulated by another unknown transcriptional factor.
The expression of some marker genes suggests that the differentiation of endoderm, notochord and muscle normally occurred in HrHNF-6-injected embryos. HrHNF-6 has no activity to convert developmental fates into neural one. In other words, HrHNF-6 is not the key determinant of neural cells. This is consistent with the fact that the expression of HrHNF-6 follows the expression of some neural marker genes (Yagi and Makabe, 2001; unpublished data) , and HrHNF-6 is not expressed in all of the neural cells.
HrHNF-6 and Hroth divide neural cells into two groups
Wada and Saiga (1999) have revealed that Hroth induces neural cells of anterior character to form. However, no gene which has functions in the formation of the posterior neural cells has been identi®ed. In this study we showed that HrHNF-6 and Hroth divide cells expressing HrTBB2 into three groups: (1) Hroth-positive cells, (2) HrHNF-6-positive cells, most of which are located posteriorly, and (3) two populations of cells in the dorsal sensory vesicle which express both genes. Expression of HrHNF-6 in the second group suggests that HrHNF-6 is one of the genes required for the formation of the posterior neural cells. The existence of the two transcription factors, Hroth and HrHNF-6, indicates that the anterior and posterior neural cells have different characteristics. The two transcription factors may have a common target gene like HrTBB2, which is generally required for neural cells, and speci®c targets which produce the differences between the anterior and the posterior neural cells. A putative function of HrHNF-6 is to regulate the genes required for the differentiation of posterior neural cells. The genes regulated by HrHNF-6 in the posterior neural cells should be identi®ed. Similarly, a comparison of the target genes of the two transcription factors is needed for a better understanding of the speci®cation of neural cells. The third group of HrTBB2-positive cells is very peculiar. This group also expresses HrPax-37 (Fig. 5A) . We do not know the function of this group of cells in the sensory vesicle.
3.5. HrHNF-6 speci®es the neural tube through the downregulation of the expression of HrPax-258 Double-staining in situ hybridization had revealed that HrPax-258 was expressed just next to one of the HrHNF-6-positive zones (Fig. 4C) . Moreover, ectopic expression of HrHNF-6 markedly reduced the expression of HrPax-258 in the neural plate. These results suggest that HrHNF-6 functions in the speci®cation of the neural tube by restricting the HrPax-258 expression. Because HrHNF-6-EnR had strong activity to repress the HrPax-258 expression in the neural plate and epidermis, HrHNF-6 itself likely represses the transcription of HrPax-258. Since HNF-6 was reported as a transcriptional activator (Lemaigre et al., 1996; Samadani and Costa, 1996; Landry et al., 1997; Rausa et al., 1997) , the activity of HrHNF-6 as a repressor is surprising. It is shown that the Deformed protein is changed from a repressor to activator by its cofactor Extradenticle (Pinsonneault et al., 1997) . It is possible that HrHNF-6 also uses an unknown cofactor, and the Engrailed repressor domain mimics its function. HrPax-258 was expressed as early as the neural plate stage, in one bilateral pair of cells in the neural plate (Wada et al., 1998) . The timing of this expression is very close to that of HrHNF-6 (see Fig. 3A ). HrHNF-6 may regulate HrPax-258 from the beginning of its expression. HrHNF-6 had only a very weak effect on the expression of HrPax-258 in the epidermal lineage cells. This suggests that the expression of HrPax-258 is regulated differently in the neural plate and epidermis, through different cis elements and trans acting factors which bind to the cis elements. HrHNF-6 regulates primarily the expression from the cis element corresponding to the neural plate expression. When the amount of HrHNF-6 mRNA injected was increased or when HrHNF-6-EnR mRNA was injected, HrPax-258 expression in the epidermis was reduced, suggesting that HrHNF-6 also regulates the expression of HrPax-258 in the epidermis in a weak fashion.
HrPax-258 is thought to resemble the ancestral gene of mammal Pax-2, Pax-5 and Pax-8 (Wada et al., 1998) . Mouse Pax-2 and Pax-5 are expressed at the midbrain-hindbrain boundary (MHB) (Nornes et al., 1990; Asano and Gruss, 1992) , and function in midbrain formation (Favor et al., 1996) . Mutation at the Pax-2 locus in mice results in a defect of MHB and subsequent defects in midbrain and cerebellum (Favor et al., 1996) . In chick, the ectopic expression of Pax-2 or Pax-5 at the mesencephalon induces the ectopic midbrain to form at that position . In zebra®sh, a mutation in the pax-b gene affects the formation of MHB (Brand et al., 1996) . The dominance of Pax-2 in brain regionalization implies that there must be mechanisms which restrict the expression of Pax-2 at the MHB. There are two reports that mammalian HNF-6 was expressed in the brain (Landry et al., 1997; Rausa et al., 1997) . Whether HNF-6 has functions in the regulation of Pax-2, -5, -8 transcription in vertebrate brain is interesting and should be investigated.
Ectopic expression of HrHNF-6 does not affect the expression of HrPax-37 or Hroth. These two genes may be regulated through mechanisms independent of HrHNF-6. Both HrPax-37 and Hroth are expressed in cells of neural lineage before HrHNF-6 is expressed; HrPax-37 is expressed in gastrula embryos in six bilateral pairs of cells which are destined to form the dorsal part of the neural tube (Wada et al., 1996a) , and Hroth is expressed in precursors of the anterior neuroectoderm and of mesoendoderm at the 110-cell stage (Wada et al., 1996b) . These results were consistent with HrHNF-6 expression being independent of HrPax-37 and Hroth expression. Elucidating how Hroth and HrHNF-6 are differentially expressed may provide an insight into ascidian neural tissue construction.
Experimental procedures
Biological materials
Halocynthia roretzi was purchased from ®shermen near the Asamushi Marine Biological Station, Tohoku University, Aomori or Ohtshchi Marine Research Center of the Ocean Research Institute, University of Tokyo, Iwate, Japan during the spawning season. Halocynthia roretzi is a hermaphrodite and self-sterile. Naturally spawned eggs were fertilized with a suspension of non-self sperm. Eggs were reared at approximately 118C in Millipore-®ltered sea water containing 50 mg/ml streptomycin after insemination.
Embryos at appropriate stages were packed by low-speed centrifugation and frozen with chilled ethanol for Northern blotting or ®xed with 4% paraformaldehyde for in situ hybridization.
PCR ampli®cation and isolation of cDNA
Primers corresponding to the amino acid sequences IFKENK and NFFMNA were made to order. PCR was carried out using a H. roretzi early tailbud cDNA library as template DNA. PCR conditions were 30 cycles of 948C for 1 min, 558C for 1 min and 728C for 1 min. Full-length cDNA was obtained by screening a conventional cDNA library of early tailbud embryos constructed in lambda ZAP II vector using a PCR fragment as a probe (Miya et al., 1996) . The cDNA was cloned into the plasmid vector pBluescript by in vivo excision, and sequenced using an automated DNA sequencer (ABI PRISM 377, PerkinElmer Japan, Chiba).
The cDNA encoding HrHNF-6-Engrailed repressor fusions (HrHNF-6-EnR) was constructed by PCR using high federality DNA polymerase pfu (Stratagene). The Engrailed repressor domain was fused with the full-length of HrHNF-6 open reading frame.
Southern and Northern blot analysis
Genomic Southern blot analysis was carried out using a membrane on which 10 mg of BamHI-, EcoRI-, HindIII-or PstI-treated genome of H. roretzi was blotted (Sambrook et al., 1989) . This membrane was used in a previous report (Ogasawara et al., 1996) . Northern blot analysis was performed using membranes on which 2 mg of poly(A) RNA of unfertilized eggs, 16-cell stage embryos, 64-cell stage embryos, the gastrula, the neurula, tailbud embryos or the swimming larvae was blotted or using a membrane on which poly(A) RNA of pharyngeal gill, bone wall muscle, intestine, digestive gland, gonad and endostyle was blotted. These membranes were used in previous reports (Takada et al., 1998; Ogasawara et al., 1999a) . Filter hybridization was performed by standard procedures (Sambrook et al., 1989 ) with a 32 P-labeled DNA probe, and membranes were washed under low and high-stringency conditions for Southern blot analysis or high-stringency conditions for Northern blot analysis (low-stringency condition: 2 £ SSC, 0.1% SDS, 378C for 20 min £ 2; 1 £ SSC, 0.1% SDS, 378C for 20 min; high-stringency condition: 2 £ SSC, 0.1% SDS, 558C for 20 min; 1 £ SSC, 0.1% SDS, 558C for 20 min; 0:1 £ SSC, 0.1% SDS, 558C for 20 min £ 2). Exposure time was about 20 h for the low-stringency condition and about 1 week for the high-stringency condition, respectively.
Whole-mount in situ hybridization
Whole-mount specimens were hybridized in situ at 428C using digoxigenin-labeled antisense probes, as described by Miya et al. (1994) . In the experiments indicated, the embryos were dehydrated and rendered transparent with a 1:2 mixture (v/v) of benzyl alcohol and benzyl benzoate after visualization of the hybridization.
Double staining whole-mount in situ hybridization was carried out as described by Wada et al. (1997) .
Injection of RNAs into fertilized eggs
Injection of RNAs into fertilized eggs of H. roretzi was carried out according to Kusakabe et al. (1995) , except that mRNA was injected instead of plasmid DNA. Synthetic mRNAs which contain 5 H and 3 H untranslated regions of the Xenopus globin gene were transcribed from pBluescript RN3 (Lemaire et al., 1995) into which HrHNF-6 cDNA, lacZ cDNA or HrHNF-6-EnR cDNA had been cloned.
